To control the antibiotic resistance epidemic, it is necessary to understand the distribution of genetic material encoding antibiotic resistance in the environment and how anthropogenic inputs, such as wastewater, affect this distribution. Approximately two-thirds of antibiotics administered to humans are ␤-lactams, for which the predominant bacterial resistance mechanism is hydrolysis by ␤-lactamases. Of the ␤-lactamases, the TEM family is of overriding significance with regard to diversity, prevalence, and distribution. This paper describes the design of DNA probes universal for all known TEM ␤-lactamase genes and the application of a quantitative PCR assay (also known as Taqman) to quantify these genes in environmental samples. The primer set was used to study whether sewage, both treated and untreated, contributes to the spread of these genes in receiving waters. It was found that while modern sewage treatment technologies reduce the concentrations of these antibiotic resistance genes, the ratio of bla TEM genes to 16S rRNA genes increases with treatment, suggesting that bacteria harboring bla TEM are more likely to survive the treatment process. Thus, ␤-lactamase genes are being introduced into the environment in significantly higher concentrations than occur naturally, creating reservoirs of increased resistance potential.
Antibiotic resistance has been classified by the World Health Organization as one of the three major public health threats of the 21st century (81) . Essentially all previous efforts to control and study the epidemic have focused on pathogens in the clinical setting. However, antibiotic resistance genes can also occur in nonpathogenic bacteria, which can then be passed on via lateral gene transfer (41, 42) . It is thus necessary to understand the environmental distribution of such genes and how anthropogenic inputs, such as wastewater, affect their spread. The availability of sequences obtained from clinical data facilitates the development of functional gene probes and primers, which can be used to quantify families of antibiotic resistance genes among both culturable and unculturable bacteria in environmental samples. Designing probes to be general, rather than specific, allows them to pick up all known variants of the gene and facilitates detection across species. This more comprehensive monitoring strategy is likely to lead to more effective control of the antibiotic resistance epidemic.
The study described here focuses on a family of genes encoding resistance to ␤-lactam antibiotics. ␤-Lactams account for approximately two-thirds, by weight, of all antibiotics administered to humans and include the penicillins, the cephalosporins, and the carbapenems (reviewed in reference 38). The predominant mechanism for resistance to ␤-lactam antibiotics by bacterial pathogens is the production of ␤-lactamases, which break down ␤-lactams by hydrolyzing the four-membered ␤-lactam ring (34, 49) .
Even though ␤-lactamases are estimated to have existed for the past 2 billion years, their evolution and spread have been highly correlated to the anthropogenic development and prolificacy of ␤-lactam antibiotics during the past 60 years (26) . For example, in one British hospital the incidence of ␤-lactamase-producing Staphylococcus aureus rose from less than 8% to almost 60% in a 4-to 5-year period immediately following World War II, as administration of penicillin became routine practice (4) . By the late 1970s, after the discovery of cephalosporin C, other cephalosporin analogs, and broad-spectrum penicillins such as ampicillin, epidemiological studies reported the broad-spectrum TEM ␤-lactamases to be the most prevalent and widely distributed of plasmid-mediated enzymes (34, 48) .
While the production of ␤-lactamases is particularly common among gram-negative bacteria, they have been identified in virtually all bacterial species, with notable exceptions being most enterococci and salmonellae (8, 30, 61) . Although ␤-lactamase genes are thought to have originally resided solely on bacterial chromosomes, they are often found on plasmids in specimens collected after the introduction of clinical ␤-lactam antibiotics. The mobility of these genes is related to their association with transposons and even integrons. Transposons have been implicated in the spread of TEM ␤-lactamase to plasmids in Haemophilus influenzae and Neisseria gonorrhoeae (21, 22) . ␤-Lactamase genes can also be found as components of multiresistance transposons and on multiple plasmids within a given organism (11, 34, 40, 48) . In light of specimens that harbor multiple types of ␤-lactamase genes and the transferability of these genes between species via mobile genetic elements, the idea that ␤-lactamase genes are species specific is now an old one (11, 34, 60, 82) .
The TEM ␤-lactamases represent one of the most clinically significant families of ␤-lactamases. The first in this group to be discovered, TEM-1, is considered broad spectrum and hydrolyzes the early cephalosporins, in addition to many penicillins. TEM-1 has become the most commonly encountered ␤-lactamase and is ubiquitous among Enterobacteriaceae (48, 49) . TEM-3 was the first of the extended-spectrum ␤-lactamases (ESBLs), which have an increased substrate spectrum, including third-generation cephalosporins, but are susceptible to ␤-lactamase inhibitors such as clavulanic acid. The majority of TEM types discovered subsequently are ESBLs. However, some TEM ␤-lactamases are inhibitor resistant, and TEM types are now being discovered that are both ESBLs and inhibitor resistant. A few select point mutations, within the approximately 75 mutations that distinguish specific TEM enzymes, are responsible for these general phenotypes (11) .
To our knowledge, quantitative real-time PCR probes universal for all known variations of TEM ␤-lactamase genes did not previously exist. Such a primer set was developed in order to study the concentration of TEM ␤-lactamase genes along a wastewater stream and to determine whether wastewater contributes to their proliferation in receiving waters. Little is known about the connection between wastewater and antibiotic resistance, yet many characteristics of wastewater make it a highly suspect medium of spread, i.e., the presence of antibacterials from household products (soaps, detergents, etc.), the presence of antibiotics that have been excreted from humans or disposed of down a drain, and a high bacterial load. By using very sensitive instrumentation to quantify DNA concentration and universal primers that reliably amplify the 16S small subunit rRNA gene, it was possible to normalize the ␤-lactamase gene counts to proxies of biomass and bacterial count, respectively (73) .
The discharge from the Deer Island treatment plant (DITP) into Massachusetts Bay provided a model system to study the dispersal of ␤-lactamase genes. The DITP receives sewage from Boston and its surrounding communities, from both residential and institutional sources, including hospitals. Completed in 2001, the plant utilizes some of the most modern treatment technologies, including primary and secondary treatment, chlorination, dechlorination, and anaerobic sludge digestion. DITP's effluent is transported offshore via a 15-km tunnel and dispelled through a diffuser system, consisting of 55 diffuser caps in the seafloor spread along the last 2 km of the tunnel's length. Aside from the potential spread of antibiotic resistance, the input of sewage into Massachusetts Bay has been studied extensively, both in terms of characterizing the plume and measuring the ecological effects. Currents acting on the plume arise from the general pattern of inflow from the Gulf of Maine and secondary effects of wind, density distribution, and local mixing, all of which have been described in detail (53) . Six years of monitoring data (in addition to nearly 9 years of baseline data collected prior to the completion of the current outfall) and a dye dilution study allowed us to identify sites that consistently lie within the densest regions of the plume and others that are not measurably affected by it (53) . Because so little is known about the dispersal of ␤-lactamase genes in the environment, it was important to choose such a well-characterized system, so that anthropogenic effects could be distinguished with confidence.
MATERIALS AND METHODS
Collection and processing of samples. After extensive discussions with Massachusetts Water Resource Authority (MWRA) personnel closely associated with the monitoring program for Massachusetts Bay, three pairs of sampling sites were chosen along the wastewater stream ( Fig. 1 ). The first two consisted of influent and effluent from the DITP. The second pair was selected from among those in the so-called nearfield, the area immediately surrounding the outfall site in Massachusetts Bay. These two sites were chosen in particular because they lie consistently within the densest regions of the plume and tend to have higher fecal coliform counts (54) (55) (56) (57) . They are identified as N16 (latitude 42°23.64ЈN, longitude 70°45.18ЈW) and N20 (latitude 42°22.92ЈN, longitude 70°49.02ЈW) (39) . The third pair consisted of two sites in the farfield, areas of Massachusetts Bay distant from the outfall site but monitored for potential ecological effects. These two sites were chosen in particular because they have a relatively short residence time and are not measurably affected by the plume, i.e., have effluent dilution greater than 1,000 and ammonium concentrations at background levels (less than 4 M), as determined by modeling and sampling data, respectively (44) . They are identified as F26 (latitude 42°36.12ЈN, longitude 70°33.90ЈW) and F27 (latitude 42°33.00ЈN, longitude 70°26.82ЈW) (39) .
Water samples were collected from all six sites within a 48-hour period. Thirty-five samples were taken from each site for a total of 210 samples. Sewage influent was sampled first, followed by sewage effluent. Both were collected in 50-ml sterile, narrow-mouth polyethylene bottles. Next, 500-ml seawater samples were collected, first from the nearfield and then from the farfield. Using a Niskin bottle deployed from a boat, seawater was collected from five points in the water column (seven samples from each depth). The previously described method for determining sampling depths at each location is based on the depth of subsurface chlorophyll maximum. This method ensured sampling above, around, and below the existence of a pycnocline and collection of effluent that may be trapped beneath a thermal layer, as Massachusetts Bay is known to be stratified during the summer months, with one turnover event typically occurring in the fall (43, 53) . However, since measures of chlorophyll fluorescence were consistent throughout the water column, samples were taken from equally spaced depths, including one nearsurface sample and one near-bottom sample. Additionally, physiochemical parameters, including salinity, dissolved oxygen content, temperature, and pH, were measured at all sampling sites and at all depths using a Hydrolab (Loveland, CO) multiparameter probe. All samples were filtered immediately upon collection using 0.2-m Supor filters and negative pressure. Filters were kept frozen, first in liquid nitrogen and then in a Ϫ80°C freezer.
Total nucleic acids were extracted directly from whole filters according to the methods of Kerkhof et al. (35) . Briefly, lysis was induced by rapid freeze-thaw cycling and addition of lysozyme, preceded by phenol-chloroform DNA extraction (five samples were lost at random during processing). DNA concentrations were measured using a NanoDrop ND-100 spectrophotometer (NanoDrop, Wilmington, DE).
Development of a universal bla TEM primer/probe set. The nucleotide sequences for the 135 bla TEM genes described to date were retrieved, either from the GenBank database or directly from the literature, and then aligned using the ClustalW program (76) ( Table 1 ; Fig. 2 ). The bla TEM genes are very conserved through much of the sequence. The pairwise alignment scores ranged from 88 to 99, and the overall nucleotide identity was 56%, which indicated the potential for a universal primer/probe set (58, 80) .
The software program Primer Express 2.0 (Applied Biosystems, Foster City, CA) was used to design a forward primer, a reverse primer, and a probe that would anneal to regions of sequence conserved among all 135 variants of the gene. The primers and probe were optimized, subject to the following constraints. Primer melting temperature was set between 51 and 60°C (optimally 59°C), and the maximum allowable difference between forward and reverse primers was 2°C. Primer GC content was set between 30 and 80%. Primer length was set between 18 and 25 bp (optimally 20 bp). The resulting amplicon was specified to have a melting temperature between 0 and 85°C and a length between 65 and 90 bp. The probe was required to have a melting temperature 10.0°C greater than the melting temperature of the primers and could not begin with G. To ensure specificity for bla TEM genes, it was confirmed that the primers and probe would not anneal to other previously characterized sequences by running a comparison with the GenBank database using the Basic Local Alignment Search Tool (BLAST) program (version 2.2.5) (3, 7) . bla TEM primers and probes were synthesized by Biosource Int. (Camarillo, CA). Additionally, the BACT2 primer set, developed by Suzuki et al. (73) to be universal to bacterial 16S rRNA genes, was synthesized by Biosearch Technologies (Novato, CA).
Both probes carried a 5Ј-6-carboxyfluorescein label and a 3Ј-6-carboxytetramethylrhodamine quencher.
Quantitative PCR. Duplicate real-time PCRs were run with the ABI Prism 7700 sequence detection system (Applied Biosystems; Foster City, CA) and Qiagen Universal PCR master mix (Valencia, CA) in 25-l reaction mixtures and under reaction conditions of 50°C for 2 min for the uracil-DNA glycosylase step, 95°C for 15 min, and 45 two-step cycles consisting of 94°C for 15 s and 60°C for 1 min. bla TEM primer and probe concentrations were optimized. The final reaction mixtures for amplifying bla TEM contained 400 nM of both forward and reverse primers and 200 nM of TaqMan probe, while those for amplifying 16S rRNA genes contained 1,500 nM of forward primer, 1,000 nM of reverse primer, and 500 nM of Taqman probe (73) . Aside from a pair of no-template controls in each run, 1.5 l of DNA (corresponding to 7.5 ml of original sample) was added to each reaction mixture.
Gene copy numbers were calculated by amplifying eight serial dilutions of a standard in parallel with the samples. Cloned target genes were used rather than genomic DNA so that copy number could be more easily determined. The bla TEM standard pBR322 (New England Biolabs, Ipswich, MA), which contains TEM-1, was diluted such that bla TEM copy numbers ranged from 1.67 ϫ 10 3 to 1.71 ϫ 10 6 per reaction mixture. The 16S rRNA standard EBAC31A08, cloned into Escherichia coli, was kindly provided by M. Suzuki, Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science. After purification using a QIAprep Spin plasmid kit (Qiagen, Valencia, CA) the plas-mids were diluted such that the 16S rRNA copy numbers ranged from 7.70 ϫ 10 0 to 7.70 ϫ 10 7 per reaction mixture.
To screen for PCR inhibition, standard dilutions were spiked with environmental DNA and the experimental difference was compared to the actual copies of bla TEM genes in the standards. Additionally, bla TEM was amplified in a dilution series of selected samples. Inhibition of the PCR by environmental DNA was not detected.
Data analysis. All quantitative PCR results were analyzed with a PowerMac 4400 computer (Apple, Cupertino, CA) and Sequence Detector v1.6.3 software (Applied Biosystems, Foster City, CA). Gene copy numbers of replicate pairs were averaged, while ensuring that the coefficient of variation (CV) between replicates was less than 1.
For each of the three outcome analyses, a two-sample t test (independent samples) was performed for each of the six possible combinations of the four general sample types (DITP influent, DITP effluent, nearfield, farfield). Note that the two-sample t test is an approximate nonparametric test statistic for large samples. The resulting P values were examined using the Hochberg step-up procedure to control the overall family-wise error rate (probability of one or more false positives) when simultaneously considering the multiple independent null hypotheses (28, 29) . The significance of variations between sublocations in the nearfield and farfield were also analyzed with two-sample t tests (independent samples). To test the null hypothesis that the concentrations of bla TEM genes at all five sampling depths for each particular ocean sampling location were FIG. 1. Location of DITP and the four ocean sampling sites, two in the nearfield (N16 and N20) and two in the farfield (F26 and F27). Adapted with permission from reference 31. 
RESULTS AND DISCUSSION
Results indicate that the bla TEM Taqman PCR assay is valid and well-suited for quantitative measurements. PCR products were of the expected size, and standard curves, using known copy numbers of the bla TEM standard, were repeatable and consistently provided significant correlations (r 2 always Ͼ0.99) (data not shown). The observed similarity of slopes between amplification curves indicated constant amplification efficiency. Additionally, there was a relatively a Adapted with permission from references 33 and 38. The GenBank accession number or reference is shown. Omissions from the sequential list are either because the sequence has been withdrawn or the name is being held for a sequence yet to be released. high level of analytical precision. In general, replicate measurements had a CV less than 0.15. The average CV for bla TEM copy number was 0.10 (n ϭ 205).
Using measurements of total DNA concentration and 16S rRNA genes, it was possible to estimate how biomass and bacteria, respectively, and the ratio between the two vary between sampling locations ( Table 2) . As is becoming increasingly common in the literature, measures of 16S rRNA genes were used as a proxy for bacterial count. Deviations from actual bacterial count, particularly overestimations, can result from variability in the number of ribosomal operons, as well as the various biases in the PCR methodology (1, 72) . Previous experiments found the genomes of coastal marine isolates to contain between four and nine copies of the 16S rRNA gene (36) . Therefore, reported estimates of biomass and bacteria should be used for comparative purposes, and translating 16S gene count directly to bacterial count could lead to overestimates by as much as a factor of 10.
As expected, sewage treatment leads to a significant reduction in biomass and an approximate 1-order of magnitude drop in bacteria. Since sewage treatment processes, such as chlorination, specifically target bacteria it was not surprising to see a drop in the ratio of bacteria to biomass with treatment. Because these conclusions are based on measurements of DNA and not whole cells, the results suggest that the treatment process not only destroys intact cells but removes the remaining DNA, perhaps by nuclease degradation, absorption onto sludge, or a combination of the two (18) . Levels of both biomass and bacteria are approximately 2 orders of magnitude higher in the sewage effluent compared to the bay into which it flows. Among the sampling sites in the bay, concentrations of biomass and bacteria are similar.
By applying the bla TEM Taqman assay, it was found that while modern sewage treatment technologies reduce the concentrations of these antibiotic resistance genes, they are being introduced into the environment through sewage effluent in much higher concentrations than occur naturally, thus creating reservoirs of increased resistance potential (Fig. 3A) . More specifically, the concentration of bla TEM genes in untreated sewage is 1.4 ϫ10 6 , while treatment causes the concentration to drop to 4.1 ϫ 10 5 in the effluent. Once it is mixed with seawater in the nearfield, the concentration drops again to 2.2 ϫ 10 4 . This is compared to an area of Massachusetts Bay unaffected by the sewage outfall, which has a concentration of 9.2 ϫ 10 2 bla TEM genes. While controlling the overall falsepositive rate (family-wise error rate), all of these differences easily meet the criteria set for statistical significance at 0.05 (Table 3 ), since the overall significance level is 4.93 ϫ 10 Ϫ3 .
Again using copies of 16S rRNA genes as a proxy for bacterial count, normalizing the concentrations of bla TEM genes to this measure describes how levels of ␤-lactamase encoding material vary with bacterial count. This ratio is dramatically higher in sewage effluent (2.3 ϫ 10 Ϫ4 ) compared to sewage influent (1.8 ϫ 10 Ϫ5 ), suggesting that while the treatment process removes bacteria, antibiotic-resistant bacteria are more likely to survive the treatment process (Fig. 3B) . Similarly, another study that measured the percentage of coliforms resistant to ampicillin also reported an increase in treated wastewater compared to untreated (32) . Results by Morozzi (52) suggest that the addition of chlorine in the final stages of sewage treatment may coselect for chlorine-and antibiotictolerant strains. The increased survival ability during sewage treatment processes by antibiotic-resistant bacteria seems, in the case of Massachusetts Bay, to lead to the nearfield containing bacterial DNA with higher proportions of ␤-lactamase genes (4.5 ϫ 10 Ϫ4 ) compared to the farfield (1.4 ϫ 10 Ϫ5 ). Thus, while the total concentration of the bacteria in the bay is largely unaffected by the plume, the bacteria in the vicinity of the outfall appear more likely to harbor ␤-lactamase genes. The ratio of bla TEM genes to 16S rRNA genes is statistically significantly different between the influent and the effluent, the influent and nearfield, the effluent and the farfield, and the nearfield and the farfield ( Table 3) . By using the ratio of bla TEM genes to total DNA concentration, it was possible to compare the concentration of ␤-lactamase genes relative to biomass among the sampling locations ( Fig. 3C ). Since the concentrations of total DNA are approximately 2 orders of magnitude higher in the sewage compared to the seawater, when normalizing on this measure, the levels of bla TEM between these two general sample types tend to level out. With this normalization, there are still statistically significant higher concentrations of ␤-lactamase genes in each of the influent (3.2 ϫ 10 2 ), the effluent (2.4 ϫ 10 2 ), and the nearfield (6.9 ϫ 10 2 ) samples/area, compared to the farfield (3.5 ϫ 10 1 ) ( Table 3) .
The data do not reveal any striking differences between subsites. There is no statistically significant difference either between N16 and N20 or between F26 and F27 for any of the three outcome measures (bla TEM copies/ml of sample, bla TEM copies/16S rRNA gene copies, and bla TEM copies/ng of total DNA [DNA T ]). Visual inspection of the data does not indicate any clear trends with regard to sampling depth in the bay. Also, Kruskal-Wallis tests reveal no statistically significant difference in the number of bla TEM genes between the five sampling depths at each of four ocean sampling sites. The physiochemical hydrological parameters, such as temperature, also show little variation with depth (data not shown). These data, along with the fact that the samples were collected in late Fall, indicate that by the time the sampling trip occurred, the thermocline in Massachusetts Bay had disappeared and the water was well mixed.
Most previous studies regarding resistance to antibiotics, such as ␤-lactams, and sewage-contaminated waters have been based on phenotypic analysis, and many of these also reported an association (17, 24, 32, 45, 50) . Two major drawbacks of assessing resistance by phenotype are that it relies on culturing and that it does not provide information on the mechanism of resistance. For example, characterizing the phenotype would not distinguish between ␤-lactam resistance mediated by ␤-lactamases and that mediated by penicillin binding proteins. These two mechanisms have substantially different clinical treatment implications (77) . Environmental antibiotic resistance genotyping studies have predominately focused on tetracycline resistance in animal waste lagoons (16, 23, 63, 67, 83) . However, plasmids encoding ␤-lactam resistance have previously been isolated from human wastewater and have been shown to be transferable both in vitro and in situ (20, 47, 74, 75) . It is important to note that results from genotype-based studies that analyze DNA, such as this one, do not provide information regarding the expression of these antibiotic resistance genes. However, expression is not the central question when, as here, the goal is an evaluation of the degree to which ecosystems serve as pools of resistance genes that could potentially be transferred to pathogens. 
